Using electrical stimulation to control force generation and limb immobilization to alter the degree of stretch, we have studied the role of mechanical activity in inducing hypertrophy and in determining fast and slow muscle fibre phenotype. Changes in gene expression were detected by analysing the RNA in hybridization studies employing cDNA probes specific for fast and slow myosin heavy chains and other genes. As a result of overload in the stretched position, the fast contracting tibialis anterior muscle in an adult rabbit is induced to synthesize much new protein and to grow by as much as 30% within a period as short as 4 days. This very rapid hypertrophy was found to be associated with an increase of up to 250% in the RNA content of the muscles and an abrupt change in the species of RNA produced. Both stretch alone and electrical stimulation alone caused repression of the fast-type genes and activation of the slow-type genes. It appears that the fast-type IIB genes are the default genes, but that the skeletal slow genes are expressed as a response to overload and stretch. These findings have implications as far as athletic training and rehabilitation are concerned.
Introduction
Muscle is a tissue in which gene expression is regulated to a large extent by mechanical signals. Mammalian muscle consists of populations of slow-contracting, oxidative fibres and fast-contracting fibres which are characterized by different protein isoforms. Therefore, post-natal growth and the differentiation into the fast type or the slow type of fibres must presumably involve the regulation of expression of different subsets of genes. Here we have focused on the expression of myosin heavy chain genes and their response to mechanical stimuli.
The intrinsic velocity of contraction ( V,,,) of muscle fibres is related to the specific activity of their myosin ATPase [ 11. Myosin is a double molecule that consists of two heavy chains each of about 220 kDa. The actin-attachment site and the ATPase site are located in the S1 region (head of the myosin . However, the influence of physical activity at the gene level was unclear. We have, therefore, studied changes in transcriptional levels of the fast and slow myosin heavy chain genes in response to stretch and force generation.
Methods

Stimulation and acute-stretch procedures
Tibialis anterior (TA) muscles in adult Netherland dwarf rabbits were stimulated using Teflon-coated stainless-steel electrode wires implanted into the popliteal fossa [8] under valium/Hypnorm anaesthesia. The electrode wires were externalized at the back of the neck and attached to a miniature stimulation circuit which was held in position by a small saddle fashioned out of an elastic bandage. Several circuit designs were used which generated biphasic pulses at frequencies ranging from 2 Hz continuous to 120 Hz intermittent. A 30 Hz intermittent circuit was designed to give the same number of pulses/min as a 2 Hz continuous, and a 120 Hz and 60 Hz intermittent circuit gave the same number of pulses/min as a 10 Hz continuous circuit. In this way, the hypothesis that it is the number of pulses delivered which determines muscle fibre phenotype could be tested. The pulse length was 0.1 ms and the pulse amplitude was adjustable from 1 to 3 V and each miniature stimulator was fitted with an on/off switch. Muscle
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Biochemistry of Exercise stretch was achieved by immobilization of the limb with the muscle in its lengthened position using a plaster cast. Controls included immobilization in the neutral position, which was the position of the limb adopted while the animal was under anaesthesia, and it was assumed that in this limb position there would be no effect due to stretch. The miniature stimulators were switched on when the animal had recovered from anaesthesia.
RNA analysis
RNA was extracted from the muscles and samples containing the same total amount of RNA were subjected to Northern blotting [9] or to solution hybridization combined with protection analysis [lo] . In the case of the Northern blots, they were washed at low stringency [3 X SSPC, 0.5% (w/v) SDS at 65°C for 2 h] to assess the relative amounts of myosin heavy chain and actin mRNA. Subsequently, each Northern blot was re-done using total RNA containing similar amounts of myosin heavy chain and actin mRNA and washes were performed at low and medium stringency conditions [ 1 X SSC, 0.5% (w/v) SDS, 68"Cl. These conditions allowed a specific hybridization of the myosin heavy chain probes, while still allowing a hybridization of the heterologous mouse actin probe used as a control. For the analysis of the rabbit muscle RNA, the myosin heavy chain probes used were pMHC 174 (/?-myosin heavy chain slow, myosin rod-LMM in the myosin from the proximal, medial and distal segments were determined. The specific radioactivity of phenylalanine incorporated into the myosin was then determined [ 141.
Myofibdllar ATPase
The experimental and control TA muscles were again divided into the distal, medial and proximal segments, and myofibrils were prepared by the methods of Perry & Grey [16] . The Ca2+,Mg2+-ATPase activity was measured by the amount of Pi produced per unit time per mg of protein [17] . In some cases, transverse frozen sections were cut and stained with monoclonal antibodies to human skeletal muscle fast and slow myosin [ 181.
Results
Stretch combined with electrical stimulation induced a significant hypertrophy of TA in the adult rabbit within 4 days. Increases of 30% wet weight were recorded in this short period. Both force generation and stretch are major factors in activating protein synthesis, and the combination of these stimuli apparently has a synergistic effect. This was more marked when using stimulation frequencies of 10 Hz and above. Stretch alone induced an increase in muscle wet weight of over 20%. Associated with this increase in muscle size, there was a significant increase (up to 250%) in total RNA content of the muscles (Fig. 1 ). The incorporation of [3H]phenylalanine into myosin showed that the increase in muscle mass was accompanied by a marked increase in new myosin synthesis with the incorporation occurring mainly in the distal segments of the TA muscle. Staining of frozen sections of the distal end of the TA muscle with a monoclonal antibody specific for slow skeletal myosin heavy chains revealed a marked increase of muscle fibres expressing the slow myosin after only 4 days of stretch and stimulation (Fig. 2) . The measurements of the myofibrillar ATPase also indicated that after 7 days there was a significant slowing of the muscle ( -17%) as a result of stretch. When stretch and stimulation were combined, the transition was more marked than with stretch alone ( -30%). The paired t-test indicated that there was a significant difference between the stretched and the stretched-stimulated muscles and their controls, but that there was no difference between the distal medial and proximal regions.
The Northern blot analysis, using cDNAs as gene probes specific for slow and fast myosin isoform transcripts, indicated that there was reprogramming of the muscle in response to stretch and stimulation. In a situation in which the muscle is synthesizing much new myosin, the fast myosin heavy chain gene is apparently repressed as its message levels are decreased (Fig. 3) . From antibody staining and myofibrillar ATPase measurement, there is clearly an increased expression of a skeletal slow gene. However, the Northern blotting carried out under different stringencies, and using two cDNA probes for the cardiac /%myosin gene, revealed that there is apparently a separate gene for the skeletal slow myosin heavy chains. Thus, the pMHC 174-derived probe, which hybridized strongly to the soleus muscle RNA and weakly to the EDL, and the control TA muscle FWA showed only marginal hybridization to the experimental TA muscle RNA, indicating that these muscles do express the cardiac slow myosin heavy chain or a closely related gene, but that this is also repressed upon stretch and stimulation. The more specific pA 3/25 1 -derived cardiac /3-myosin heavy chain probe (3'-non-translated domain) also did not hybridize to the stimulated TA muscle RNA; thus supporting the absence of the p-(cardiac) myosin heavy chain RNA in stretched-stimulated and stimulated TA muscle.
In some experiments, the myosin mRNA was degraded even though the muscles were dissected out and homogenized in the denaturing solution as quickly as possible after the animal was killed. In these cases the experiments were repeated, as a degraded message could have been interpreted as a negative result, which is a criticism of much of the previous work that has been carried out on myosin heavy chain gene expression. In this study, the amount of mRNA in each lane of the electrophoresis gel was checked first by hybridization under low stringency conditions and then by the hybridization of an actin probe under moderate stringency conditions. There was no evidence that the ratio of mRNA to total RNA was radically altered in any of the experimental situations thus indicating a concomitant increase of mRNA and total RNA under these conditions of rapid hypertrophy and phenotypic change.
Discussion
After just 4 days of stimulation in the stretched position, muscles stimulated at frequencies of 10 Hz and above, increased in mass by up to 30%. Much of the increase was related to the increase in length
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Fast myosin heavy chain is apparently repressed as message levels are decreased
Northern blots of total RNA using (a) a pMHC 174-derived probe (specific for the coding region of B-myosin heavy chain, slow) and low-stringency washing conditions; (b) a pMHC 20-%-derived probe (specific for the coding region of the Ilb myosin heavy chain, fast) and medium-stringency washing conditions; (c) a pMHC 174-derived probe and medium-stringency washing conditions. All the blots for experimental and control muscles were carried out simultaneously and in duplicate, but the filters were cut and regrouped.
I, TA stretched only; 2, TA stretched and stimulated (30 new myosin heavy chain molecules per nucleus per minute are synthesized to account for this rapid growth of the TA [21] . This result is interesting as it indicates that the synthetic machinery can still be activated by appropriate mechanical signals, even in adult muscle, and questions arise as to what changes occur to permit such a rapid increase in synthetic rate. While investigating these questions, a significant increase in total RNA was observed. The recorded 250% increase in RNA indicates that muscle fibre growth is probably controlled at the translational level. As ribosomal RNA accounts for about 80% of the total RNA, this represents a large increase in the number of ribosomes. The presence
-1s
of many more ribosomes would presumably result in much more of the available myosin message being translated into protein.
Another interesting finding was that both stretch and stimulation resulted in a muscle fibre phenotype change. There was evidence of repression of the fast myosin heavy chain gene transcription, even though the myosin synthesis rate was increased and the muscle was undergoing rapid hypertrophy. The myofibrillar ATPase measurements showed a marked 'slowing down' of the muscle, which indicated that a different type of myosin was being produced which has a lower specific ATPase. Antibody staining of sections of the distal ends of the TA muscle with a monoclonal antibody specific for slow skeletal myosin heavy chains revealed a definitive increase of slow-type myosin heavy chain gene expression in fibres after only 4 days of stretch and stimulation. The surprising aspect of these findings is the rapidity. The interconvertibility of muscle fibre phenotypes has previously been shown by cross-innervation [23] , chronic electrical stimulation [24, 251 and overload [27, 281, but this was over weeks or even months. This rapid re-programming apparently involves the activation of the slow, but repression of the fast myosin genes. Rapid changes in myosin heavy chain gene expression have also been recorded for the rat soleus muscles subjected to immobilization in the shortened position [26] . This postural muscle which does not normally express the fast glycolytic (type IIB) myosin heavy chain gene is induced to 
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switch on this fast gene when it is not subjected to stretch or force development (Fig. 4) . Expression of the fast IIB myosin heavy chain gene in the soleus, which is immobilized in the shortened position, can be detected after only 2 days, suggesting that this is a gene that is expressed in a default situation.
A current view is that the motor impulse pattern, that is to say, low frequency repetitive stimulation, is responsible for slow muscle cell phenotypic expression. However, more recently, it was shown that stimulation with 30 Hz [28] or 60 Hz intermittent stimulation [29] was more effective in transforming fast into slow muscles than the continuous stimulation with 10 Hz used by previous workers.
Our investigation of this switch in phenotype showed a reduction in myosin heavy chain fast gene expression in a situation in which the muscle was undergoing rapid hypertrophy. The expected increase in hybridization intensity using the cardiac p-myosin-specific 3'-end probe PMHCB 174 was not observed. Indeed, slow /I-myosin heavy chain gene expression was also repressed in the stretched or stretched-stimulated muscle (Fig. 3) . This suggests that the skeletal slow myosin heavy chain mRNA, which is responsible for the increased amount of slow myosin, is distinct from the cardiac myosin heavy chain slow RNA. This is contrary to the belief that the skeletal slow myosin heavy chain gene is the same gene as the slow cardiac B-myosin gene [ 30, 3 13 . The negative hybridization results using the 3'-non-translated region of the cardiac /I-myosin heavy chain FWA also indicate that myosin heavy chain-isoform responsible for this increase is not produced by differential splicing of the cardiac myosin as presumed by Jandreski et al. [32] , but the product of a different myosin heavy chain gene. It is known that the slow fibres of the soleus muscle are almost twice as slow contracting as the slow fibres of the TA in the rat [33] . Therefore, it seems feasible that the slow-type myosin in the latter muscle is the product of a different gene to the cardiac B-myosin gene which is expressed in the soleus.
As mentioned, previous workers have shown isoform switching using chronic stimulation over several weeks or months [7, 28] . Our model differs in that protein synthesis is activated by stretch combined with electrical stimulation causing the muscle rapidly to produce new actin and myosin filaments in series and in parallel "201. A change in the type of new protein that is being synthesized in abundant quantities can, therefore, be detected in a few days. From our studies, we conclude that stretch and force generation (passive + active tension) are the major factors responsible for slow muscle cell phenotypic expression and not impulse frequency per se. Frequency and the number of impulses seem to be important only in so far as that the force generated is related to these parameters.
The data presented here indicate that the tension generated by stretch and stimulation causes gene switching, which involves the repression of the fast and activation of a slow myosin heavy chain gene. This makes physiological sense as the switch from the fast to the slow phenotype is an adaptation for postural activity because the slow myosin heavy chain has a lower specific ATPase activity and, therefore, is more economical for maintaining isometric force and more efficient in performing slow movements [21] . The nature of the link between the mechanical signals and the alterations in gene expression have yet to be elucidated. It seems that adult muscles stay fast unless they are subjected to stretch and isometric force development and that the fast myosin heavy chain gene is a 'default' gene. The regulation of the expression of slow phenotype, therefore, depends as much on the repression of the fast type as on the activation of the slow-type genes. The magnitude and rapidity of the responses elicited by stretch combined with force generation make the approach described here particularly suitable for studying both the mechanism of gene Volume 19 expression switching and the regulation of growth. The 'skeletal slow' myosin heavy chain gene is now being cloned, and further work is being undertaken to document the relative importance of stretch and contractile activity in regulating muscle gene expression during fibre hypertrophy and muscle fibre phenotype determination.
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